[1] Wetland ecosystems are often characterized by distinct vegetation patterns. Various mechanisms have been proposed to explain the formation of these patterns; including spatially variable peat accumulation and water ponding. Recently, short-range facilitation and long-range competition for resources (a.k.a scale dependent feedback) has been proposed as a possible mechanism for pattern formation in wetland ecosystems. We modify an existing, spatially explicit, advection-reaction-diffusion model to include for a regional hydraulic gradient and effective anisotropy in hydraulic conductivity. This effective anisotropic hydraulic conductivity implicitly represents the effect of ponding: a reduction in the long-range inhibition of vegetation growth in the direction perpendicular to the prevailing hydraulic gradient. We demonstrate that by accounting for effective anisotropy in a simple modeling framework that encompasses only a scale dependent feedback between biomass and nutrient flow, we can reproduce the various vegetation patterns observed in wetland ecosystems: maze, and vegetation bands both perpendicular and parallel to prevailing flow directions. We examine the behavior of this model over a range of plant transpiration rates and regional hydraulic gradients. Results show that by accounting for the effective x-y anisotropy that results from biomass-water interaction (i.e., ponding) we can better understand the mechanisms that drive ecosystem patterning. Citation: Cheng, Y., M. Stieglitz, G. Turk, and V. Engel (2011), Effects of anisotropy on pattern formation in wetland ecosystems, Geophys. Res. Lett., 38, L04402,
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Introduction
[2] Wetland ecosystems are often characterized by vegetation patterns. For instance, maze patterns are commonly observed in northern bogs. These patterns consist of interconnected hummock forming ridges that are slightly elevated above wetter hollows. Another pattern characteristic of the northern bogs is the string pattern [Sakaguchi, 1980; Foster et al., 1983] , which consists of elevated vegetation bands that are orientated perpendicular to the water flow direction and which are separated by waterlogged sloughs (hereafter this type of pattern will be referred to as perpendicular strings). Vegetation bands orientated parallel to the prevailing flow direction have also been observed in wetland ecosystems [Ellery et al., 2003; Ogden., 2005; San José et al., 2001] (hereafter this type of pattern will be referred to as parallel strings). The ridge and slough ecosystem of the Florida Everglades is one such example of a parallel string pattern.
[3] A number of conceptual and simulation models have been proposed to explain the formation of maze and string patterns in wetland ecosystems [Swanson and Grigal, 1988; Hilbert et al., 2000; Rietkerk et al., 2004; Eppinga et al., 2009; Larsen and Harvey, 2011] . For example, Hilbert et al.
[2000] invoked a peat accumulation mechanism to explain the formation of maze patterns on flat ground. The Hilbert model describes the interaction between peat production and depth to water table. At sites where the peat surface is sufficiently above the water table, vegetation growth is near optimal, the rate of organic matter input into the soil is higher than the rate of decomposition, and thus peat accumulates. On the other hand, at saturated sites, vegetation growth is limited, the rate of organic matter input into the soil is lower than the rate of decomposition, and thus peat depth decreases. With time, sites with moderate soil wetness connect and form maze-like structures that surround waterlogged hollows.
[4] A ponding mechanism has been invoked to explain the development of perpendicular strings [Swanson and Grigal, 1988] in bogs. Specifically, a vegetation patch impedes the downslope flow of water. This then leads to ponding of upslope water, which locally increases hydroperiod and water depth and which can inhibits the upslope expansion of emergent vegetation. At a distance further upslope the water surface is lower which provides favorable conditions for patch growth. At the same time that the alternating conditions lead to growth or inhibition along the hydrologic gradient, individual patches may expand in the direction perpendicular to the hydrologic gradient. Together, these processes ultimately yield strings of vegetation perpendicular to the prevailing flow.
[5] Nutrient accumulation has also been proposed as a mechanism for vegetation pattern formation [Rietkerk et al., 2004] . Rietkerk et al. [2004] developed a spatially explicit, advection-reaction-diffusion type model (henceforth called the Rietkerk model) to describe the formation of maze and perpendicular string patterns. Specifically, a scale dependent feedback between the plant biomass, transpiration and nutrient accumulation drives the formation of the vegetation patterns. Vegetation induces subsurface water and nutrient fluxes towards itself through transpiration, activating further growth, which increases transpiration and nutrient accumulation. In this positive feedback, the plants function as activators that promote additional growth within short distances, leading to patches of relatively higher vegetation densities than the surrounding environment (short distance facilitation). The nutrient accumulation caused by plant growth also acts as an inhibitor of growth at a distance by depleting the available nutrients for other plants or patches (long distance inhibition).
[6] We propose a modeling perspective that retains the simplicity of the original Rietkerk model, yet that reproduces the various vegetation patterns observed in wetland ecosystems. Specifically, we represent the effect of the ponding mechanism as proposed by Swanson and Grigal [1988] , i.e., reduction of long-range inhibition in the direction perpendicular to the prevailing hydraulic gradient, implicitly through an effective anisotropy in hydraulic conductivity. We modify the Rietkerk model to include for this term. In this work, we first demonstrate that the modified Rietkerk model is able to reproduce the various patterns. Next, we examine the behavior of this model across a range of plant transpiration rates, regional hydraulic gradients, and degree of anisotropy in the effective lateral (x-y coordinate) hydraulic conductivities, to increase our understanding of the controls that govern that the evolution of vegetation patterns in wetland ecosystems. Results demonstrate the importance of the relative magnitude of the x-y advection rates on pattern formation in wetland ecosystems.
Method
[7] The Rietkerk model describes the dynamics of three state variables in x and y direction: vascular plant biomass (B), hydraulic head (H) and nutrient concentration in groundwater (N).
Term B1 describes plant growth, which is nutrient limited and increases linearly with increasing plant nutrient uptake. Plant growth is also affected by water stress. The soil water stress function f [h(H)] ranges from zero to unity and is a function of the pressure head, h. Pressure head is calculated as the difference between hydraulic head, H, and elevation head, z. B2 represents fraction of dead biomass that is returned to litter while B3 represents the fraction of dead biomass that is lost from the ecosystem. B4 describes the lateral spread of biomass by diffusion. H1 represents the increase in hydraulic head due to local precipitation, while H2 and H3 represent decrease in hydraulic head due to plant transpiration and evaporation respectively. H4 describes the advection of hydraulic head according to Darcy's Law. N1 describes the rate of change of nutrient availability due to anthropogenic input, uptake by plants, recycling of dead plant material and nutrient losses. N2 is the rate of Fickian diffusion of the dissolved nutrients while N3 is the advection of dissolved nutrients by groundwater flow.
[8] Equations (2) and (3) of the Rietkerk model are modified to allow for constant advection of water and nutrients in the y-direction due to a regional hydraulic gradient. After modification, terms H4 of equation (2) and N3 of equation (3) take the following forms:
Where ∂c/∂y is the regional hydraulic gradient in the ydirection. Therefore dc/dy indicates the change of hydraulic head (dc) between two adjacent grid cells of size, dy. In this scheme, the regional hydraulic gradient is identical to the land-surface slope. The values of regional hydraulic gradient are constrained to below 0.03 to maintain consistency with observed values. Belyea [2007] has shown that surface gradients in northern peatlands can range from 0 to 0.03 m m −1 . k x and k y (m day −1 ) represent the hydraulic conductivity of peat in x and y directions, respectively. k x /k y represents the degree of anisotropy in the hydraulic conductivities and ranges from 0-1. When k x /k y = 1, the soil is isotropic.
[9] We retain the original parameter values (Table 1) , and the initial and boundary conditions employed by Rietkerk et al. [2004] . To simulate a maze pattern on flat ground, we set dc = 0 m, and k x /k y = 1. To simulate perpendicular string patterns, we set dc = 0.015 m to simulate moderate regional hydraulic gradient and introduce anisotropic hydraulic conductivity by setting k x /k y = 0.75. To simulate parallel string, we retain a similar degree of anisotropy in hydraulic conductivity and set k x /k y = 0.75. However, the magnitude of the regional hydraulic gradient is increased and dc = 0.025 m.
[10] Sensitivity analysis on pertinent hydrologic parameters of the model is conducted by performing two sets of simulations to study sequences of vegetation states that accompany gradual changes in plant transpiration rate, regional hydraulic gradient that is oriented in the y-direction and degree of anisotropy in hydraulic conductivity. The first set of simulations demonstrates how changes in plant transpiration and regional hydraulic gradient affect vegetation patterning. The main parameters varied are the plant tran- 
Results
[11] Modeling results show that in the absence of a regional hydraulic gradient (i.e., dc = 0), a maze pattern develops with time ( Figure 1a ). In the presence of a moderate regional hydraulic gradient and when k x /k y < 1, the vegetation patches aggregate and spread in the direction perpendicular of the downhill flow, leading to the formation of the perpendicular string pattern (Figure 1b) . However, in the presence of a larger regional hydraulic gradient, vegetation patches aggregate and spread in the direction of the downhill flow, leading to the formation of regular vegetated bands oriented parallel to the flow direction (Figure 1c) . For all three vegetation patterns, the spatial distribution of dissolved nutrient matches the distribution of biomass.
[12] Figure 2a shows the resulting vegetation states from the sensitivity analysis of plant transpiration rate and regional hydraulic gradient (selected results shown). The model predicts homogenous distribution of plant biomass at a low plant transpiration rate of t v = 0.7 × 10 −5 m 3 g B −1 day −1 , independent of c ( Figure 2a, first row) . In the absence of a regional hydraulic gradient, as plant transpiration rate increases, maze patterns form first, then patch patterns start to emerge. (Figure 2a, first column) . In the presence of a large regional hydraulic gradient (dc = 0.025 m), and as plant transpiration rate increases, parallel strings start to form. As t v continues to increase, the distance between the vegetation bands increases, suggesting that spatial distance of inhibition is proportional to t v (Figure 2a , last column).
[13] Sensitivity analyses demonstrate the vegetation patterning which results from variable degrees of anisotropy in the hydraulic conductivities and regional hydraulic gradients (Figure 2b , selected results shown). For k x /k y ≤ 0.5, the model predicts the formation of perpendicular strings for dc = 0 to 0.015 (Figure 2b ). However, for dc > 0.015, and with k x /k y ≤ 0.5, homogenous distributions of plant biomass are produced. At k x /k y = 1, patch patterns form in the presence of small regional hydraulic gradients, while parallel string patterns form (Figure 2b , last column) in the presence of a large regional hydraulic gradient (dc = 0.025m).
Discussion
[14] Simulation results demonstrate that the relative magnitude of the x-y advection rates as represented through anisotropy in the regional hydraulic gradient (i.e., dc/dy ≠ 0) or hydraulic conductivity (i.e., k x /k y ≠ 1), determine the landscape-scale vegetation patterns in nutrient-limited wetland ecosystems. In the absence of anisotropy, the advection of water and dissolved nutrients towards the vegetation (local advection) are uniform in both x-y directions and results in maze patterns. In the presence of a regional hydraulic gradient, fluxes of water and dissolved nutrients flow in the direction of the gradient. When the regional advection of water and dissolved nutrients is smaller than the local advection of water and dissolved nutrients, the nutrients released from the turnover of vegetation is retained locally for growth, allowing patch patterns to form and which are maintained at steady state (Figure 2a , first three columns for t v > 0.7 × 10 −5 m 3 g B −1 day −1 ). On the other hand, when the regional advection of water and dissolved nutrients is greater than the local fluxes, nutrients released from the turnover of vegeta- tion are transported in the direction of the regional hydraulic gradient. For example, in the presence of a regional hydraulic gradient in the y-direction, the advection of water and nutrients towards vegetation in the x-direction inhibits the growth of perpendicular strings, while the flux of nutrients in the y-direction promotes the growth of parallel strings. The effect of the regional hydraulic gradient on the resulting patterns is clearly shown in the last row of Figure 2b .
[15] Simulation results suggest that the strength of the regional gradient and the effective anisotropy in hydraulic conductivities affect the resulting configuration of the vegetation pattern. In the modified Rietkerk model, the k x /k y ratio determines the relative strength of the long distance inhibition in the x and y directions of the domain. For example, when k x /k y < 1 and the regional hydraulic gradient in the y-direction is moderate (i.e., dc < 0.015), the advection of water and nutrients induced by transpiring vegetation in the x-direction is much lower than advection of water and nutrients along the longitudinal axis (y-direction). Biomass then grows laterally toward zones of relatively higher nutrients, and thus, perpendicular vegetation bands form. However, beyond a certain upper threshold value of the regional gradient (dc > 0.015), the high flux of available nutrients entering the domain in this direction and from decay in incipient vegetation patches already within the domain causes biomass to grow preferentially in the direction of the regional hydraulic gradient, and vegetation bands oriented parallel to the prevailing flow develop.
[16] The ponding mechanism as proposed by Swanson and Grigal [1988] induces a negative feedback between vegetation patches caused by flooding stress in the upslope direction. This negative feedback, in turn, drives the formation of perpendicular stripes. We envision that upslope ponding also results in a localized hydraulic gradient caused by the downstream resistance of the emergent vegetation, which is oriented in the direction perpendicular to the regional hydraulic gradient (y-direction). This then results in the advection of water and nutrients towards the patch margins, which reduces the long-distance inhibition of vegetation growth in the x-direction. Specifically, this advection of water and nutrients in the x-direction reduces the impact of the transpiration driven local hydraulic gradient in the xdirection. In our model, we therefore subsume the combined effects of the transpiration driven flow (explicitly represented) and the flow due to ponding (implicitly represented) into our k x term such that k x /k y < 1. By doing so, we capture the first order effects of ponding as espoused by Swanson and Grigal [1988] . [17] The modeling framework proposed here differs from other modeling approaches. In a recent modeling study, Eppinga et al. [2009] identified three important patternstructuring mechanisms in wetland ecosystems: peat accumulation [Hilbert et al., 2000; Belyea and Clymo, 2001] , water ponding [Swanson and Grigal, 1988; Couwenberg, 2005; Couwenberg and Joosten, 2005] and nutrient accumulation [Rietkerk et al., 2004] . Eppinga et al. [2009] incorporated these processes into a single modeling framework that describes vegetation patterning as a result of interactions between four state variables: plant biomass, peat thickness, groundwater table, and nutrient availability. Eppinga et al. [2009] use this model to conduct a factorial analysis to explore how these mechanisms affect the resulting pattern formation. Their results suggest that nutrient accumulation alone can drive the formation of parallel strings on a slope and maze patterns on relatively flat ground, but is not sufficient to form perpendicular strings. Eppinga et al.'s [2009] model can only produce perpendicular string patterns when either peat accumulation or water ponding is explicitly invoked in addition to the nutrient accumulation mechanism. In another recent modeling study, Larsen and Harvey [2011] have demonstrated that sediment transport feedback can be an important pattern-structuring mechanism in wetland landscapes. Using a cellular automata model that describes sediment transport and vegetation dynamics, Larsen and Harvey [2011] have also reproduced the various vegetation patterns observed in wetland ecosystems. While we believe that both the nutrient accumulation and sediment transport feedback mechanisms are important, at present we do not yet understand the degree to which these two mechanisms operate independently or separately in patterned wetlands.
Conclusion
[18] We show that by representing the main effect of ponding implicitly through an effective anisotropy in hydraulic conductivity, we retain the simplicity of the original Rietkerk model and reproduce the various patterns in wetland ecosystems. Simulation results demonstrate that the relative magnitude of the x-y advection rates as represented through effective anisotropy governs pattern evolution in wetland ecosystems. We contend that the effective anisotropy in hydraulic conductivity adequately represents the mechanisms that lead to the emergence of perpendicular vegetation patterns in wetland habitats. This modeling approach thus provides an improvement in the intuitive understanding of the controls governing pattern formation in wetland ecosystems.
